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1. Introduction
In the last few years the study of CP violation and flavor physics has undergone dramatic de-
velopments. While for 35 years, until 1999, the only unambiguous measurement of CP violation
(CPV) was e K [1], the constraints on the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2, 3] im-
proved tremendously since the B factories turned on. The error of sin2b is now below 5%, and a
new set of measurements started to give the best constraints on the CKM parameters.
In the standard model (SM), the masses and mixings of quarks originate from their Yukawa
interactions with the Higgs condensate. We do not understand the hierarchy of the quark masses
and mixing angles. Moreover, if there is new physics (NP) at the TeV scale, as suggested by the
hierarchy problem, then it is not clear why it has not shown up in flavor physics experiments.
A four-quark operator (s ¯d)2/L 2NP with O(1) coefficient would give a contribution exceeding the
measured value of e K unless L NP>∼104 TeV. Similarly, (d ¯b)2/L 2NP yields D mBd above its measured
value unless L NP>∼103 TeV. Flavor physics provides significant constraints on NP model building;
for example generic SUSY models have 43 new CP violating phases [4, 5], and we already know
that many of them have to be suppressed not to contradict the experimental data.
Flavor and CP violation were excellent probes of new physics in the past: (i) the absence of
KL → m + m − predicted the charm quark; (ii) e K predicted the third generation; (iii) D mK predicted
the charm mass; (iv) D mB predicted the heavy top mass. From these measurements we knew
already before the B factories turned on that if there is NP at the TeV scale, it must have a very
special flavor and CP structure to satisfy these constraints. So what does the new data tell us?
Sections 2–4 summarize the status of CP violation measurements and their implications within
and beyond the SM, concentrating on measurements where the data can be interpreted without de-
tailed understanding of the hadronic physics. Sections 5–7 deal with some recent model indepen-
dent theoretical developments and their implications.
1.1 Testing the flavor sector
The only interaction that distinguishes between the fermion generations is their Yukawa cou-
plings to the Higgs condensate. This sector of the SM contains 10 physical quark flavor parameters,
the 6 quark masses and the 4 parameters in the CKM matrix: 3 mixing angles and 1 CP violating
phase (for reviews, see, e.g., [5, 6]). Therefore, the SM predicts intricate correlations between
dozens of different decays of s, c, b, and t quarks, and in particular between CP violating observ-
ables. Possible deviations from CKM paradigm may upset some predictions:
• Subtle (or not so subtle) changes in correlations, e.g., constraints from B and K decays in-
consistent, or CP asymmetries not equal in B→ y KS and B→ f KS, etc.;
• Flavor-changing neutral currents at an unexpected level, e.g., Bs mixing incompatible with
SM, enhanced B(s) → ℓ+ℓ−, etc.;
• Enhanced (or suppressed) CP violation, e.g., in B→ K∗ g or Bs → y f .
The goal of the program is not just to determine SM parameters as precisely as possible, but to
test by many overconstraining measurements whether all observable flavor-changing interactions
can be explained by the SM, i.e., by integrating out virtual W and Z bosons and quarks. It is
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Figure 1: Sketch of the unitarity triangle.
convenient to use the Wolfenstein parameterization1 of the CKM matrix,
VCKM =

Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb

=

 1−
1
2 l
2
l A l 3( ¯r − i ¯h )
− l 1− 12 l 2 A l 2
A l 3(1− ¯r − i ¯h ) −A l 2 1

+ . . . , (1.2)
which exhibits its hierarchical structure by expanding in l ≃ 0.23, and is valid to order l 4. The
unitarity of the CKM matrix implies
å iVi jV ∗ik = d jk and å j Vi jV ∗k j = d ik, and the six vanishing
combinations can be represented by triangles in a complex plane. The ones obtained by taking
scalar products of neighboring rows or columns are nearly degenerate, so one usually considers
Vud V ∗ub +Vcd V ∗cb +Vtd V ∗tb = 0 . (1.3)
A graphical representation of this is the unitarity triangle, obtained by rescaling the best-known side
to unit length (see Fig. 1). Its sides and angles can be determined in many "redundant" ways, by
measuring CP violating and conserving observables. Comparing constraints on ¯r and ¯h provides
a convenient language to compare the overconstraining measurements.
1.2 Constraints from K and D decays
We knew from the measurement of e K that CPV in the K system is at a level compatible with
the SM, as e K can be accommodated with an O(1) value of the KM phase [3]. The other observed
CP violating quantity in kaon decay, e ′K , is notoriously hard to interpret, because for the large top
quark mass the electromagnetic and gluonic penguin contributions tend to cancel [10], thereby
significantly amplifying the hadronic uncertainties. At present, we cannot even rule out that a large
part of the measured value of e ′K is due to NP, and so we cannot use it to tests the KM mechanism.
In the kaon sector precise tests will come from the study of K → p n ¯n decays. The KL → p 0 n ¯n
decay is CP violating, and therefore theoretically very clean, and there is progress in understanding
the largest uncertainties in K±→ p ± n ¯n due to charm and light quark loops [11, 12]. In this mode
three events have been observed so far, yielding [13]
B(K+→ p + n ¯n ) = (1.5+1.3−0.9)×10−10 . (1.4)
1We use the following definitions [7, 8, 9], so that the apex of the unitarity triangle in Fig. 1 is exactly ¯r , ¯h :
l =
|Vus|√
|Vud |2 + |Vus|2
, A =
1
l
∣∣∣∣VcbVus
∣∣∣∣ , V ∗ub = A l 3( r + i h ) = A l 3( ¯r + i ¯h )
√
1−A2 l 4√
1− l 2[1−A2 l 4( ¯r + i ¯h )] . (1.1)
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This is consistent with the SM within the large uncertainties, but much more statistics is needed to
make definitive tests.
The D meson system is complementary to K and B mesons, because flavor and CP violation
are suppressed both by the GIM mechanism and by the Cabibbo angle. Therefore, CPV in D
decays, rare D decays, and D−D mixing are predicted to be small in the SM and have not been
observed. This is the only neutral meson system in which mixing generated by down-type quarks
in the SM (or up-type squarks in SUSY). The strongest hint for D0−D0 mixing is the lifetime
difference between the CP-even and -odd states [14]
yCP =
G (CP even)− G (CP odd)
G (CP even)+ G (CP odd)
= (0.9±0.4)% . (1.5)
Unfortunately, due to hadronic uncertainties, this central value alone could not be interpreted as a
sign of new physics [15]. At the present level of sensitivity, CPV or enhanced rare decays would
be the only clean signal of NP in the D sector.
2. CP violation in B decays and the measurement of sin2 b
2.1 CP violation in decay
This is the simplest form of CP violation, which can be observed in both charged and neutral
meson as well as in baryon decays. If at least two amplitudes with nonzero relative weak (f k) and
strong (d k) phases contribute to a decay,
A f = 〈 f |H |B〉=
å
k
Ak eid k eif k , A f = 〈 f |H |B〉= å
k
Ak eid k e−if k , (2.1)
then it is possible that |A f/A f | 6= 1, and thus CP is violated.
This type of CP violation is unambiguously observed in the kaon sector by e ′K 6= 0, and now it
is also established in B decays [16, 17],
AK− p + ≡
G (B0 → K− p +)− G (B0 → K+ p −)
G (B0 → K− p +)+ G (B0 → K+ p −) =−0.115±0.018 . (2.2)
This is simply a counting experiment: there are∼ 20% more B0→K+ p − than B0 →K− p + decays.
This measurement implies that after the "K-superweak" model [18], now also "B-superweak"
models are excluded. I.e., models in which CP violation only occurs in mixing are no longer
viable. This measurement also establishes that there are sizable strong phases between the tree (T )
and penguin (P) amplitudes in charmless B decays, since |T/P| is estimated to be not much larger
than |AK− p + |. Such information on strong phases will have broader implications for charmless
nonleptonic decays and for understanding the B→ K p and p p rates discussed in Sec. 7.2.1.
The bottom line is that, similar to e ′K , our theoretical understanding at present is insufficient to
either prove or rule out that the CP asymmetry in Eq. (2.2) is due to NP.
2.2 CPV in mixing
The two B meson mass eigenstates are related to the flavor eigenstates via
|BL,H〉= p|B0〉±q|B0〉 . (2.3)
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CP is violated if the mass eigenstates are not equal to the CP eigenstates. This happens if |q/p| 6= 1,
i.e., if the physical states are not orthogonal, 〈BH |BL〉 6= 0, showing that this is an intrinsically
quantum mechanical phenomenon.
The simplest example of this type of CP violation is the semileptonic decay asymmetry to
"wrong sign" leptons. The measurements give [19]
ASL =
G (B0(t)→ ℓ+X)− G (B0(t)→ ℓ−X)
G (B0(t)→ ℓ+X)+ G (B0(t)→ ℓ−X) =
1−|q/p|4
1+ |q/p|4 =−(3.0±7.8)×10
−3 , (2.4)
implying |q/p|= 1.0015±0.0039, where the average is dominated by a recent BELLE result [20].
In semileptonic kaon decays the similar asymmetry was measured [21], in agreement with the
expectation that it is equal to 4Re e .
The calculation of ASL is possible from first principles only in the mb ≫ L QCD limit, using
an operator product expansion to evaluate the relevant nonleptonic rates. Last year the NLO QCD
calculation was completed [22, 23], predicting ASL = −(5.5± 1.3)× 10−4 , where I averaged the
central values and quoted the larger of the two theory error estimates. (The similar asymmetry
in the Bs sector is expected to be l 2 smaller.) Although the experimental error in Eq. (2.4) is
an order of magnitude larger than the SM expectation, this measurement already constraints new
physics [24], as the m2c/m2b suppression of ASL in the SM can be avoided by NP.
2.3 CPV in the interference between decay with and without mixing: B→ y KS,L
It is possible to obtain theoretically clean information on weak phases in B decays to certain
CP eigenstate final states. The interference phenomena between B0 → fCP and B0 → B0 → fCP is
described by
l fCP =
q
p
A fCP
A fCP
= h fCP
q
p
A f CP
A fCP
, (2.5)
where h fCP = ±1 is the CP eigenvalue of fCP. Experimentally one can study the time dependent
CP asymmetry,
a fCP =
G [B0(t)→ f ]− G [B0(t)→ f ]
G [B0(t)→ f ]+ G [B0(t)→ f ] = S fCP sin(D mt)−C fCP cos(D mt) , (2.6)
where
S f =
2Im l f
1+ |l f |2 , C f (=−A f ) =
1−|l f |2
1+ |l f |2 . (2.7)
If amplitudes with one weak phase dominate a decay then a fCP measures a phase in the Lagrangian
theoretically cleanly. In this case C f = 0, and S fCP = Im l fCP = sin(arg l fCP), where arg l fCP is the
phase difference between the B0 → f and B0 → B0 → f decay paths.
The theoretically cleanest example of this type of CP violation is B → y K0. While there
are tree and penguin contributions to the decay with different weak phases, the dominant part of
the penguin amplitudes have the same weak phase as the tree amplitude. Therefore, contributions
with the tree amplitude’s weak phase dominate, to an accuracy better than ∼1%. In the usual
phase convention S
y KS,L =∓sin[(B-mixing =−2b )+(decay = 0)+(K-mixing= 0)], so we expect
S
y KS,L =±sin2b and Cy KS,L = 0 to a similar accuracy. The current world average is
sin2b = 0.687±0.032 , (2.8)
P
oS(
L
A
T2005)012
012 / 6
The CKM matrix and CP violation Zoltan Ligeti
-1.5
-1
-0.5
0
0.5
1
1.5
-1 -0.5 0 0.5 1 1.5 2
sin 2b
D md
D ms &
 
D md
e K
e K
|Vub/Vcb|
b
a
bg
r
h
excluded area has CL > 0.95
C K M
f i t t e r
LP 2005
Figure 2: The present CKM fit using the measurements of e K , |Vub/Vcb|, ∆md,s, and sin2 b .
which is now a 5% measurement. In the last two years the 2b vs. p −2b discrete ambiguity has also
been resolved by ingenious studies of the time dependent angular analysis of B → y K∗0 and the
time dependent Dalitz plot analysis of B0 →D0h0 with D0 →KS p + p −, pioneered by BABAR [25]
and BELLE [26], respectively. As a result, the negative cos2b solutions are excluded, eliminating
two of the four discrete ambiguities.
To summarize, S
y K was the first observation of CP violation outside the kaon sector, and
the first observation of an O(1) CP violating effect. It implies that models with approximate CP
symmetry (in the sense that all CPV phases are small) are excluded. The constraints on the CKM
matrix from the measurements of S
y K , |Vub/Vcb|, e K , B and Bs mixing are shown in Fig. 2 using
the CKMfitter package [27, 9]. The results throughout this paper are based on the latest averages,
except for |Vub|, for which the pre-Lepton-Photon 2005 value is used, |Vub|= (4.05±0.13±0.50)×
10−3, as explained in Sec. 5.2. The overall consistency between these measurements was the first
precise test of the CKM picture. It also implies that it is unlikely that O(1) deviations from the SM
can occur, and one should look for corrections rather than alternatives of the CKM picture.
2.4 Other CP asymmetries that are approximately sin2b in the SM
The b→ s transitions, such as B0 → f K, h ′K, K+K−KS, etc., are dominated by one-loop (pen-
guin) diagrams in the SM, and therefore new physics could compete with the SM contributions [28].
Using CKM unitarity we can write the contributions to such decays as a term proportional to VcbV ∗cs
and another proportional to VubV ∗us. Since their ratio is about 0.02, we expect amplitudes with the
VcbV ∗cs weak phase to dominate these decays as well. Thus, in the SM, the measurements of − h f S f
should agree with S
y K (and C f should vanish) to an accuracy of order l 2 ∼ 0.05.
If the SM and NP contributions are both significant, the CP asymmetries depend on their rela-
tive size and phase, which depend on hadronic matrix elements. Since these are mode-dependent,
the asymmetries will, in general, be different between the various modes, and different from S
y K.
One may also find C f substantially different from 0.
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Dominant fCP SM allowed range of
∗
− h f S f C fprocess |− h fCPS fCP − sin2b |
b→ cc¯s y K0 < 0.01 +0.687±0.032 +0.016±0.046
b→ cc¯d y p 0 ∼ 0.2 +0.69±0.25 −0.11±0.20
D∗+D∗− ∼ 0.2 +0.67±0.25 +0.09±0.12
D+D− ∼ 0.2 +0.29±0.63 +0.11±0.36
b→ sq¯q f K0 < 0.05 +0.47±0.19 −0.09±0.14
h
′K0 < 0.05 +0.48±0.09 −0.08±0.07
p
0KS ∼ 0.15 +0.31±0.26 −0.02±0.13
K+K−KS ∼ 0.15 +0.51±0.17 +0.15±0.09
KSKSKS ∼ 0.15 +0.61±0.23 −0.31±0.17
f 0KS ∼ 0.25 +0.75±0.24 +0.06±0.21
ωKS ∼ 0.25 +0.63±0.30 −0.44±0.23
Table 1: CP asymmetries for which the SM predicts− h f S f ≈ sin2 b . The 3rd column contains my estimates
of limits on the deviations from sin2 b in the SM (strict bounds are worse), and the last two columns show
the world averages [19]. (The CP-even fractions in K+K−KS and D∗+D∗− are determined experimentally.)
The averages of the latest BABAR and BELLE results are shown in Table 1. The two data sets
are fairly consistent by now. The largest hint of a deviation from the SM is now in the η ′K mode,
S
y K−S
h
′K = 0.21±0.10 , Sy K−Sf K = 0.22±0.19 , (2.9)
which is 2σ . The average CP asymmetry in all b→ s modes, which also equals S
y K in the SM, has a
bit more significant deviation, S
y K −〈−η f S f (b→s)〉= 0.18±0.07. This is currently a 2.6σ effect,
however, this average is not too meaningful, because some of the modes included may deviate
significantly from S
y K in the SM. The third column in Table 1 shows my estimates of limits on
the deviations from S
y K in the SM. The hadronic matrix elements multiplying the generic O(0.05)
suppression of the "SM pollution" are hard to bound model independently [29], so strict bounds
are weaker, while model calculations obtain better limits.
To understand the significance of these measurements, note that a very conservative bound
using SU(3) flavor symmetry using the current experimental limits on related modes gives [29, 30]
|S
y K − S
h
′K | < 0.2 in the SM. Estimates based on factorization [31] obtain deviations at the 0.02
level. Thus, |S
y K−S
h
′K | ≈ 0.2 would be a sign of NP if established at the 5σ level. (The deviation
of S
f K from Sy K is now statistically insignificant, but the present central value with a smaller
error could still establish NP.) Such a discovery would exclude in addition to the SM, models with
minimal flavor violation, and universal SUSY models, such as gauge mediated SUSY breaking.
3. Measurements of a and g
To clarify terminology, I’ll call a measurement of γ the determination of the phase difference
between b → u and b → c transitions, while α(≡ pi −β − γ) will refer to the measurements of γ
in the presence of B−B mixing. The main difference between the measurements of γ and those
of the other two angles is that γ is measured in entirely tree-level processes, so it is unlikely that
P
oS(
L
A
T2005)012
012 / 8
The CKM matrix and CP violation Zoltan Ligeti
0
0.2
0.4
0.6
0.8
1
1.2
0 20 40 60 80 100 120 140 160 180
B → pp  (S/C+– from BABAR)
B → pp  (S/A+– from Belle)
Combined no C/A00
CKM fit
no a  meas. in fit
a     (deg)
1 
– 
CL
CK M
f i t t e r
Moriond 05
Figure 3: Constraints on a from B→ p p . Some of the eight mirror solutions may overlap.
new physics could modify it. It is therefore very important in searching for and constraining new
physics. Interestingly, the best methods for measuring both α and γ are new since 2003.
3.1 α from B→ pipi , ρρ and ρpi
In contrast to B→ψK, which is dominated by amplitudes with one weak phase, in B→ pi+pi−
there are two comparable contributions with different weak phases. Therefore, to determine α
model independently, it is necessary to carry out an isospin analysis [32] (for other possibilities,
see Sec. 7.2.1). The hardest ingredients are the measurement of the pi0pi0 rate,
B(B→ pi0pi0) = (1.45±0.29)×10−6 , (3.1)
and the CP-asymmetry,
G (B→ pi0pi0)− G (B→ pi0pi0)
G (B→ pi0pi0)+ G (B→ pi0pi0) = 0.28±0.39. (3.2)
If these measurements were precise, one could pin down from the isospin analysis the penguin
pollution, D α ≡ α −αeff (2αeff = arg λ
p
+
p
− = arcsin[S
p
+
p
−/(1−C2
p
+
p
−)1/2]). In Fig. 3, the dark
shaded region shows the confidence level using Eq. (3.2), while the light shaded region is the
constraint without it. One finds |D α | < 37◦ at 90% CL, a small improvement over the 39◦ bound
without Eq. (3.2). This indicates that it will take a lot more data to determine α precisely. In
addition, the BABAR [33] and BELLE [34] results are still not quite consistent; see Table 2.
The B → ρρ mode is more complicated than B → pipi , because a vector-vector (VV ) final
state is a mixture of CP-even (L = 0 and 2) and -odd (L = 1) components. The B → pipi isospin
B→ pi+pi− S
p
+
p
− C
p
+
p
−
BABAR −0.30±0.17 −0.09±0.15
BELLE −0.67±0.17 −0.56±0.13
average −0.50±0.12 [0.18] −0.37±0.10 [0.23]
Table 2: CP asymmetries in B→ p + p −. The brackets show the errors inflated using the PDG perscription.
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analysis applies for each L in B→ ρρ (or for each transversity, and, therefore, for the longitudinal
polarization component as well). The situation is simplified dramatically by the experimental ob-
servation that in the ρ+ρ− and ρ+ρ0 modes the longitudinal polarization fraction is near unity, so
the CP-even fraction dominates. Thus, one can simply bound D α from [35]
B(B→ ρ0ρ0)< 1.1×10−6 (90% CL) . (3.3)
The smallness of this rate implies that D α in B → ρρ is much smaller than in B → pipi . To
appreciate the difference, note that B(B→ pi0pi0)/B(B→ pi+pi0) = 0.26± 0.06, while B(B →
ρ0ρ0)/B(B→ ρ+ρ0)< 0.04 (90% CL). From S
r
+
r
− and the isospin bound on D α one obtains
α = 96±10±4±11◦(α−αeff) . (3.4)
Ultimately the isospin analysis is more complicated in B→ ρρ than in pipi , because the finite width
of the ρ allows for the final state to be in an isospin-1 state [36]. This only affects the results at
the O(G 2
r
/m2
r
) level, which is smaller than other errors at present. With higher statistics, it will be
possible to constrain this effect using the data [36].
Finally, in B → ρpi it is possible in principle to use a Dalitz plot analysis [37] of the interfer-
ence regions of the pi+pi−pi0 final state to obtain a model independent determination of α , without
discrete ambiguities. The first such analysis gives [38]
α = (113+27−17±6)◦. (3.5)
Viewing B→ ρpi as two-body decays, isospin symmetry gives two pentagon relations [39]. Solving
them would require measurements of the rates and CP asymmetries in all the B → ρ+pi−, ρ−pi+,
and ρ0pi0 modes, which are not available. BABAR and BELLE agree on the direct CP asymmetries,
and their average
A
p
−
r
+ =−0.47+0.13−0.14 , A p + r − =−0.15±0.09 , (3.6)
is a 3.6σ signal of direct CP violation, i.e., (A
p
−
r
+ , A
p
+
r
−) 6= (0,0). Translating the available
measurements to a value of α involves assumptions about factorization and SU(3) flavor symmetry,
and are theory error dominated.
Combining the ρρ and pipi isospin analyses with the ρpi Dalitz plot analysis yields [9]
α = (99+12−9 )
◦, (3.7)
which is shown in Fig. 4. This direct determination of α is already more precise than it is from the
CKM fit (without using α and γ), which gives α = (98±16)◦.
3.2 γ from B±→ DK±
Here the idea is to measure the interference of B−→ D0K− (b→ cu¯s) and B−→ D0K− (b→
uc¯s) transitions, which can be studied in final states accessible in both D0 and D0 decays. The
key is to extract the B and D decay amplitudes, the relative strong phases, and the weak phase γ
from the data. A practical complication is that the precision depends sensitively on the ratio of the
interfering amplitudes,
rB ≡ A(B
−→ D0K−)
A(B−→ D0K−) , (3.8)
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Figure 4: Confidence levels of the a measurements.
which is around 0.1− 0.2. In the original GLW method [40, 41] one considers D decays to CP
eigenstate final states, such as B± → D(∗)CPK±(∗). To overcome the smallness of rB and make the
product of the B and D decay amplitudes comparable in magnitude, the ADS method [42] considers
final states where Cabibbo-allowed D0 and double Cabibbo-suppressed D0 decays interfere. So far
the constraints on γ from these analyses are fairly weak. There are other possibilities; e.g., if
rB is not much below ∼ 0.2 then studying single Cabibbo-suppressed D → KK∗ decays may be
advantageous [43], or in three-body B decays the color suppression can be avoided [44].
It was recently realized [45, 46] that both D0 and D0 have Cabibbo-allowed decays to certain
three-body final states, such as KSpi+pi−. This analysis can be optimized by studying the Dalitz plot
dependence of the interference, and there is only a two-fold discrete ambiguity. The best present
determination of γ comes from this analysis. BELLE [47] and BABAR [48] obtained
γ = 68+14−15±13±11◦ , γ = 67±28±13±11◦ , (3.9)
where the last uncertainty is due to the D decay modelling. The error is very sensitive to the central
value of the amplitude ratio rB (and r∗B for the D∗K channel), for which BELLE found somewhat
larger central values than BABAR. The same values of r(∗)B also enter the ADS analyses, and the
data can be combined to fit for γ . Combining the GLW, ADS, and Dalitz analyses, one finds [9]
γ =
(
63+15−12
)◦
. (3.10)
More data will reduce the error of γ , allow for a significant measurement of rB, and reduce the
dependence on the D decay modelling.
4. Implications of the a and g measurements
Since the goal of the B factories is to overconstrain the CKM matrix, one should include in
the CKM fit all measurements that are not limited by theoretical uncertainties. The result of such a
fit is shown in the right plot in Fig. 5, which includes in addition to the inputs in Fig. 2 the above
measurements of α and γ . The left plot shows the fit using the angle measurements only, and
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Figure 5: SM CKM fit including only the angle measurements (left), and all available measurements not
limited by theoretical uncertainties (right).
indicates that determination of ρ¯ , ¯η from the angles alone is almost as precise as from all inputs
combined. The allowed region of ρ¯, ¯η shrinks only slightly compared to Fig. 2, and the most
interesting implication of the α and γ measurements is the reduction in the allowed range of the
Bs−Bs mixing frequency. While the fit in Fig. 2 gives D ms =
(
17.9+10.5−1.7
[+20.0]
[−2.8]
)
ps−1 at 1σ [2σ ],
the full fit gives D ms =
(
17.9+3.6−1.4
[+8.6]
[−2.4]
)
ps−1.
4.1 New physics in B0−B0 mixing
In a large class of models the dominant NP effect in B physics is to modify the B0−B0 mixing
amplitude [49], which can be parameterized as
M12 = M
(SM)
12 r
2
d e
2iq d = M(SM)12 (1+hd e
2is d ). (4.1)
Then D mB = r2d D m
(SM)
B , Sy K = sin(2β +2θd), Sr + r − = sin(2α−2θd), while the tree-level measure-
ments |Vub/Vcb| and γ extracted from B → DK are unaffected. Since θd drops out from α +β , the
measurements of α , together with β , are effectively equivalent in these models to NP-independent
measurements of γ (up to discrete ambiguities). Measurements irrelevant for the SM CKM fit, such
as the CP asymmetry in semileptonic decays, ASL, become important for these constraints [24].
Figure 6 shows the fit results using only |Vub/Vcb|, D mB, Sy K, and ASL as inputs (left) and also
including the measurements of α , γ , and cos2β (right) in the ρ¯− ¯η plane (top) and the r2d − 2θd
plane (bottom). The recent γ and α measurements determine ρ¯, ¯η from (effectively) tree-level B
decays for the first time, independent of mixing, and agree with the other SM constraints [50, 9, 51].
The disfavored "non-SM" region around 2θd ∼ 90◦ is due to the η < 0 region in the top right plot
and discrete ambiguities. Thus, NP in B0−B0 mixing is severely constrained for the first time.
The hd ,σd parameterization is more convenient to study specific NP scenarios, since in a given
model it is an additive contribution to M(SM)12 that is directly calculable. The allowed range of hd ,σd
is shown in Fig. 7. While the constraints are significant, new physics with arbitrary weak phase
may still contribute to M12 at the level of 20% of the SM [52]. Similar results for the constraints
on NP in K and Bs mixing can be found in Refs. [52, 53]. These constraints would not follow from
just measuring each CKM element one way, and could be derived only due to overconstraining
measurements.
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Figure 6: Allowed regions in the ¯r − ¯h plane (top) and the r2d − 2 q d plane (bottom) in the presence of new
physics in B−B mixing. The left [right] plots are the allowed regions without [with] the constraints on a ,
g , and cos2 b . The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.
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Figure 7: Allowed regions in the hd − s d plane.
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Theoretical developments
Studying B decays is not only a window to new physics, it also allows us to investigate the
interplay of weak and strong interactions at a level of unprecedented detail. Many observables
beyond those discussed so far are sensitive to NP, and the question is in which cases we can disen-
tangle signals of NP from hadronic physics.
Most of the recent theoretical progress in understanding B decays (using continuum methods)
utilize that mb is much larger than L QCD. In particular, in the last few years there were significant
developments toward a model independent theory of certain exclusive semileptonic and nonleptonic
decays in the mB ≫ L QCD limit. However, depending on the process under consideration, the
relevant hadronic scale may or may not be much smaller than mb (and especially mc). For example,
f
p
, m
r
, and m2K/ms are all of order L QCD, but their numerical values span an order of magnitude.
In most cases experimental guidance is needed to determine how well the theory works.
5. Inclusive semileptonic decays
5.1 |Vcb| and mb from B→ Xcℓ ¯ν
I would like to use the determination of |Vcb| from inclusive semileptonic B → Xcℓ ¯ν decay as
an example to illustrate what we have learned without lattice QCD (LQCD). The state of the art is
that using an operator product expansion (OPE) [54] the semileptonic rate, as well as moments of
the lepton energy and the hadronic invariant mass spectra have been computed to order L 3QCD/m3b
and α2s β0. The expressions are of the form
G (B→ Xcℓ ¯ν) = G
2
F |Vcb|2
192pi3
(
mϒ
2
)5
(0.534)
×
[
1−0.22
(
L 1S
500MeV
)
−0.011
(
L 1S
500MeV
)2
−0.052
( λ1
(500MeV)2
)
−0.071
( λ2
(500MeV)2
)
− 0.006
( λ1 L 1S
(500MeV)3
)
+0.011
( λ2 L 1S
(500MeV)3
)
−0.006
( ρ1
(500MeV)3
)
+0.008
( ρ2
(500MeV)3
)
+ 0.011
( T1
(500MeV)3
)
+0.002
( T2
(500MeV)3
)
−0.017
( T3
(500MeV)3
)
−0.008
( T4
(500MeV)3
)
+ 0.096ε −0.030ε2BLM +0.015ε
(
L 1S
500MeV
)
+ . . .
]
, (5.1)
where L 1S ≡mϒ/2−m1Sb is related to a short distance b quark mass [55, 56], and the O(L 2QCD/m2b)
corrections are parameterized by λ1,2. The other terms are L 3QCD/m3b and perturbative corrections,
where ε ≡ 1 counts the order and the BLM subscript denotes terms with the highest power of β0.
Such formulae are fitted to about 90 observables. The fits determine |Vcb| and the hadronic pa-
rameters, and their consistency provides a powerful test of the theory. The fits have been performed
in several schemes and give [57, 58],
|Vcb|= (41.7±0.7)×10−3 , (5.2)
where I averaged the central values and kept the error quoted in each paper. For the quark masses
one gets [57, 59]
m1Sb = (4.68±0.03)GeV , mc(mc) = (1.22±0.06)GeV , (5.3)
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Figure 8: HFAG’s inclusive average for |Vub| vs. the prediction from the CKM fit.
which correspond to mb(mb) = (4.18±0.04)GeV and m1Sc = (1.41±0.05)GeV.
5.2 B→ Xuℓ ¯ν, Xsγ and Xsℓ+ℓ−
One could easily spend a whole talk on inclusive heavy to light decays, but since it has little
relevance for LQCD, I will be brief. The determination of |Vub| is more complicated than that of
|Vcb|, because of the large B → Xcℓ ¯ν background. The total B → Xuℓ ¯ν rate is known at the 5%
level [55], but the cuts used in most experimental analyses to remove the B → Xcℓ ¯ν background
introduce O(1) dependence on a nonperturbative b quark light-cone distribution function (some-
times called the shape function). At leading order, one universal function occurs [60], which can
be extracted from B→ Xsγ and applied to the analyses of the measured Eℓ, mX or P+X (= EX −|~pX |)
spectra in B→ Xuℓ ¯ν . At order L QCD/mb several new functions occur [61], and it is not known how
to extract these from data. The hadronic physics being parameterized by functions is a significant
complication compared to the determination of |Vcb|, where it is encoded by numbers.
A different approach is to eliminate the B→ Xcℓ ¯ν background using q2 and mX cuts, in which
case the local OPE remains valid [62]. The dependence on the shape function can also be reduced
by extending the measurements into the B → Xcℓ ¯ν region. Recent analyses could measure the
B→ Xue ¯ν rates for pe ≥ 1.9 GeV, which is well below the charm threshold [63].
Averaging the inclusive measurements, HFAG quotes |Vub|= (4.38±0.19±0.27)×10−3 [19],
which is in slight tension with the CKM fit for |Vub| dominated by the sin2β measurement; see
Fig. 8. HFAG uses the prescription [64], and due to concerns about how the shape function model
dependence and error is estimated, I use an older value of |Vub| (see end of Sec. 2.3).
The loop-dominated B → Xsγ and Xsℓ+ℓ− decays received a lot of attention, because of their
sensitivity to new physics. We recently learned that both B(B → Xsγ) = (3.39+0.30−0.27)× 10−4 and
B(B → Xsℓ+ℓ−) = (4.5± 1.0)× 10−6 [19] agree with the SM at the 10% and 20% level, respec-
tively, which is a great triumph for the SM. There is a major ongoing effort toward the NNLO
calculation of B(B→ Xsγ) [65], which may reduce the perturbation theory error to<∼5%.
As mentioned above, the B → Xsγ photon spectrum is also important for the determination
of the shape function that enters many |Vub| measurements. It was realized recently that the same
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nonperturbative shape function is also relevant for B → Xsℓ+ℓ− [66], where the measured rate for
q2 < m2
y
depends on it, because experimantally an additional cut on mXs has to be used.
These rare decay measurements may actually make model building more interesting. The
present central values of the CP asymmetries, S
h
′K and Sf K , can be reasonably accommodated by
NP, such as SUSY (unlike O(1) deviations from S
y K shown by the central values before 2004).
While B → Xsγ mainly constrains left-right (LR) mass insertions in SUSY, B → Xsℓ+ℓ− also con-
strains RR and LL mass insertions contributing in penguin diagrams. Thus, NP models have to
satisfy a growing number of interrelated constraints.
6. Exclusive semileptonic heavy to light decays
6.1 What we knew a few years ago
I will not talk about exclusive B → D(∗)ℓ ¯ν decays. Its status using LQCD was reviewed in
the next talk [67]. In B decays to light mesons LQCD is also indispensible, as there is much more
limited use of heavy quark symmetry (HQS) than in B→D(∗). Heavy quark spin symmetry implies
relations between the B → ρℓ ¯ν, K∗ℓ+ℓ−, and K∗γ form factors in the large q2 region [68], but it
does not determine their normalization. We shall return to the small q2 region below.
To determine |Vub| with sub-10% error from an exclusive decay, unquenched LQCD calcu-
lations are required, which have started to become available, so far limited to large q2. Without
using LQCD, one can combine heavy quark and chiral symmetries to form "Grinstein-type double
ratios" [69], whose deviation from unity is suppressed in both symmetry limits. For example,
fB
fBs
× fDsfD = 1+O
(
ms
mc
− ms
mb
,
ms
1GeV
αs(mc)−αs(mb)
pi
)
, (6.1)
and lattice calculations indicate that the deviation from unity is indeed at the few percent level.
Similar double ratios can be constructed for the semileptonic form factors [70, 71],
f (B→r ℓ ¯n )
f (B→K∗ℓ+ℓ−) ×
f (D→K∗ℓ ¯n )
f (D→r ℓ ¯n ) , (6.2)
or for appropriately weighted q2-spectra in these decays, and may be experimentally accessible
soon. Recently, the leading power corrections to the HQS relations between the B and D decay
form factors were analyzed [72]. With data from LHCB and a super-B-factory the double ratio [73]
B(B→ ℓ ¯ν)
B(Bs → ℓ+ℓ−) ×
B(Ds → ℓ ¯ν)
B(D→ ℓ ¯ν) (6.3)
could give a determination of |Vub| with theoretical errors at the few percent level.
Interestingly, the most recent CLEO-c [74] and FOCUS [75] data are still consistent with no
SU(3) breaking in the D→ ρℓ ¯ν vs. D→ K∗ℓ ¯ν form factors. Averaging these measurements gives
B(D+ → ρ0ℓ+ν)/B(D+ → K0∗ℓ+ν) = 0.041±0.005, while the theoretical prediction using the
measured D→K∗ form factors and neglecting SU(3) breaking in the matrix elements is 0.044 [71].
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modes fields p = (+,−,⊥) p2
collinear ξn,p, A mn,q Q(λ 2,1,λ ) Q2λ 2
soft qq, A ms Q(λ ,λ ,λ ) Q2λ 2
usoft qus, A mus Q(λ 2,λ 2,λ 2) Q2λ 4
Table 3: Fields and their scalings in SCET. There are no soft [ultrasoft] fields in SCETI [SCETII].
6.2 A "one-page" introduction to SCET
To discuss recent developments in understanding the semileptonic form factors at small q2 and
some nonleptonic decays, we need to sketch some features of the soft collinear effective theory
(SCET) [76, 77]. It is a theory designed to describe the interactions of energetic and low invariant
mass partons in the Q≫ L limit. SCET is constructed by introducing distinct fields for the relevant
degrees of freedom, and a power counting parameter λ . It is convenient to distinguish two theories,
SCETI in which λ =
√
L QCD/Q and SCETII in which λ = L QCD/Q [78]. They are appropriate for
final states with invariant mass Qλ ; i.e., SCETI for jets and inclusive B→Xsγ , Xuℓ ¯ν , Xsℓ+ℓ− decays
in the shape function regions (m2 ∼ L QCDQ), and SCETII for exclusive hadronic final states (m2 ∼
L
2
QCD). The fields in SCET are shown in Table 3. It is convenient to use light-cone coordinates,
decomposing momenta as p m = 12(n¯ · p)n m + p
m
⊥+
1
2(n · p)n¯ m , where n2 = n¯2 = 0 and n · n¯ = 2.
For a light quark moving in the n direction, ψ(x) =
å p e
−ip·x[1
4 n/n¯/ξn,p(x)+ 14 n¯/n/ξ˜n,p(x)
]
separates
the large (ξn,p) and small (ξ˜n,p) components of the spinor, similar to HQET [79] where b(x) =
å v e
−imbv·x[ 1
2(1+v/)h
(b)
v (x)+
1
2(1−v/)h˜
(b)
v (x)
]
separates the large (h(b)v ) and small (h˜(b)v ) components
of a b quark field. Contrary to HQET, there is no superselection rule in SCET, because collinear
gluons can change p without any suppression.
In matching QCD on SCETI (and when appropriate on SCETII) and expanding the weak cur-
rents and the Lagrangian in λ , a complication is that integrating out the off-shell degrees of freedom
builds up Wilson lines. For example, the heavy to light current, q¯ G b, matches onto the SCET cur-
rent ¯ξn,pW G h(b)v , where W is a Wilson line built out of collinear gluons. The theory also requires
soft and ultrasoft Wilson lines, usually denoted by S and Y . Powerful constraints on the structure of
SCET operators arise from the requirement of separate collinear, soft, and usoft gauge invariances.
All fields transform under ultrasoft gauge transformation, but, for example, heavy quark fields do
not transform under collinear ones. Some of the simplifications in dealing with nonperturbative
phenomena in SCETI arise from the observation that by the field redefinitions [77]
ξn,p = Yn ξ (0)n,p , An,q = Yn A(0)n,qY †n , Yn = P exp
[
ig
∫ x
−∞
dsn ·Aus(ns)
]
, (6.4)
one can decouple at leading order in λ the ultrasoft gluons from the collinear Lagrangian. Thus,
nonperturbative usoft effects can be made explicit through factors of Yn in operators. This way
SCET simplified the proofs of classic factorization theorems (e.g., Drell-Yan, DIS, etc. [80]) and
allowed new ones to be proven to all orders in αs (e.g., B→ D+pi− [81], B→ D0pi0 [82]).
Going to subleading order in λ is essential if one wants to study heavy to light transitions.
Collinear and ultrasoft quarks cannot interact at leading order, so a particularly important term is
the mixed usoft-collinear Lagrangian, L (1)
x q , which is suppressed by one power of λ and allows to
couple an usoft and a collinear quark to a collinear gluon [83]. We shall come back to it below.
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6.3 The semileptonic form factors and |Vub|
It has been proven using SCET that at leading order in L QCD/Q (Q = E,mb), to all orders in
αs, the semileptonic form factors for q2 ≪ m2B can be written as a sum of two terms [84, 78, 85],
F(Q) =Ci(Q)ζi(Q)+ mB fB fM4E2
∫
dzdxdk+ T (z,Q)J(z,x,k+,Q)φM(x)φB(k+) , (6.5)
where we omitted the µ-dependences. The two terms arise from matrix elements of distinct time
ordered products of the form, for example,
∫
d4xT
[
J(n)(0)L (m)
x q (x)
]
, where J(n) is the expansion
of the current and the L
x q terms can turn the ultrasoft spectator to a collinear quark. In Eq. (6.5)
the second, factorizable (or hard scattering), term only contains ultrasoft fields in the combination
Y †h(b)v and Y †qus, and is calculable in an expansion in αs(
√
L QCDmb). The first, nonfactorizable
(or form-factor), term satisfies symmetry relations [86]. For any current (Dirac structure) the non-
factorizable parts of the 3 B → pseudoscalar and the 7 B → vector meson form factors are related
to just 3 universal functions in the heavy quark limit.
The two terms are of the same order in the L QCD/mb power counting. The factorizable (2nd)
term contains αs(
√
L QCDmb) explicitly, but whether the nonfactorizable (1st) term has a similar
suppression at the physical value of mb, or in the mb → ¥ limit when effects of order αs(mb) and
αs(
√
mb L QCD) are fully accounted for is an open question. In the applications of the three often-
discussed approaches, the assumptions for organizing the expansions and making predictions are
SCET: 1st ∼ 2nd , QCDF: 2nd ∼ αs×(1st) , PQCD: 1st ≪ 2nd . (6.6)
In PQCD, the definition of the (non)factorizable terms also differs from the above. Clearly, what is
called the leading order result and what is an αs correction differs between these approaches. While
some relations between semileptonic and nonleptonic decays can be insensitive to this, others are
not. An important example is the value of q2 where the forward-backward asymmetry in B →
K∗ℓ+ℓ− vanishes, AFB(q20) = 0. While q20 is model independent when only the nonfactorizable part
of the form factors are considered [87], the effect of the factorizable term is not suppressed by
L QCD/mb. Recent calculations show that they may in fact be sizable [88].
The determination of |Vub| from B→ piℓ ¯ν relies on measuring the rate and calculating the form
factor f+(q2),
dG (B0 → pi+ℓ ¯ν)
dq2
=
G2F |~pp |3
24pi3
|Vub|2 | f+(q2)|2 . (6.7)
Unquenched calculations of f+ are only available for large q2 (small |~pp |) [89, 90], but experiment
loses statistics, since the phase space is proportional to |~p
p
|3. Averaging these LQCD calculations
and using data in the q2 > 16GeV2 region yields |Vub|= (4.13±0.62)×10−3 [19, 67].
Some of the current |Vub| determinations use model dependent parameterizations of f+(q2) to
extend the lattice results to a larger part of the phase space, or to combine them with QCD sum rule
calculations at small q2 (which tend to give smaller values for |Vub| [91]). Such model dependent
ingredients should be avoided; given the successes of the CKM picture, only analyses with well-
defined errors are interesting. It has long been known that dispersion relations and the knowledge
of f+(q2) at a few values of q2 give strong bounds on its shape [92]. The new LQCD results
revitalized this area [93, 94, 95], including the possibility of using factorization and the B → pipi
data to constrain f+(m2
p
) [94]. Using the lattice calculations of f+, the experimental measurements
and dispersion relation to constrain f+(q2) at all q2, yields |Vub|= (3.92±0.52)×10−3 [96].
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Figure 9: Dominant contribution to the "wrong-helicity" amplitude, A(B0 → X fs g R).
6.3.1 B→ ργ vs. K∗γ
The factorization formula for the form factors in Eq. (6.5) also provides the basis for addressing
the corrections to unity in the SU(3) breaking parameters, ξ 0,±
g
, in the ratios
B(B0 → ρ0γ)
B(B0 → K∗0γ) =
1
2
∣∣∣∣VtdVts
∣∣∣∣2(ξ 0g )−2 , B(B±→ ρ±γ)B(B±→ K∗±γ) =
∣∣∣∣VtdVts
∣∣∣∣2(ξ±g )−2 . (6.8)
The ξ
g
are the analogs of ξ that enters for D mBd/D mBs . The neutral mode gives a theoretically
cleaner determination of |Vtd/Vts|, because the weak annihilation contribution is absent. (It is sup-
pressed by L QCD/mb, but may be numerically significant and is hard to estimate.) So far, there is
no direct LQCD calculation of ξ
g
, and I was glad to hear at this meeting that this may soon become
possible using a moving NRQCD action.
Recently, BELLE observed the exclusive B→ (ρ/ω)γ decay [97]. Assuming isospin symme-
try, the average of the BELLE and BABAR data (without including the ω) is B(B→ ργ)/B(B→
K∗γ) = 0.017±0.006 [19]. Using ξ
g
= 1.2±0.15 for this average [98] implies |Vtd/Vts|= 0.16±
0.03. The smallness of B(B→ ργ), due to its non-observation at BABAR, may be a fluctuation or
indicate that D mBs could be not near the experimental lower bound. While the theoretical error of
this determination of |Vtd/Vts| will not become competitive with that from D mBd/D mBs , it provides
an important test of the SM, as NP could contribuite to these decays and B−B mixing differently.
6.4 Photon polarization in B→ K∗γ and Xsγ
Although the B→ Xsγ rate is correctly predicted by the SM at the 10% level, the measurement
sums over the rates to left- and right-handed photons, and their ratio is also sensitive to NP. In the
SM, b quarks mainly decay to sγL and ¯b quarks to s¯γR. This is easy to see at a hand-waving level,
considering angular momentum conservation in the two-body b → sγ decay and the fact that due
to the left-handed W couplings the s quark is left-handed in the ms ≪ mb limit. It also holds to all
orders in αs for the dominant operator O7 ∼ s¯σ m n Fm n (mbPR+msPL)b = s¯(mbFL
m n
+msFR
m n
)b. Here
FL,R
m n
= 12(Fm n ± iF˜m n ) are the field-strength tensors for γL,R, and F˜m n = 12ε m n r l F r l .
The only observable measured so far that is sensitive to the photon polarization is the time
dependent CP asymmetry, which is proportional to r = A(B0 → X fsγR)/A(B0 → X fsγL). It has been
believed that r µ ms/mb, and therefore the SM prediction for SK∗g [see Eq. (2.6)] is at the few
percent level [99]. The world average is SK∗g =−0.13±0.32, consistent with a small value.
It was recently realized that contributions from four-quark operators (see Fig. 9) give rise to
r not suppressed by ms/mb [100]. The numerically dominant contribution is due to the matrix
element of O2 = (c¯γ m PLb)(s¯ γ m PLc). Its contribution to the inclusive rate can be calculated reliably,
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Figure 10: Constraint from G (B→ t n ) and D mBd . Shown are the 1 and 2 s contours.
and at O(α2s β0) one finds G (B0 → XsγR)/G (B0 → XsγL)≈ 0.01 [100]. This suggests that for most
final states, on average, r ∼ 0.1 should be expected.
Experimentally most relevant is rK∗ in the exclusive K∗γ channel, which can be analyzed
using SCET. (A few years ago one could have only mumbled that the contribution of Fig. 9 to rK∗
is related to higher K∗ Fock states.) In the factorization formula for the form factors, Eq. (6.5), the
second (factorizable) part contains an operator that could contribute at leading order in L QCD/mb,
but its B → K∗γ matrix element vanishes [100]. This proves that rK∗ = O(L QCD/mb). At order
L QCD/mb, there are several contributions to A(B0 → K0∗γR), but there is no complete study yet.
Thus, we can only estimate A(B0 → K0∗γR)/A(B0 → K0∗γL) = O[(C2/3C7)(L QCD/mb)]∼ 0.1, in
qualitative agreement with the inclusive calculation.
6.5 Comments on B→ τν
Measuring D mBs is not the only way to eliminate the error of fB in relating the measurement
of D mBd to |Vtd |. The observation of B(B → τν) may also precede that of D mBs. The B → τν
measurements are usually quoted as upper bounds, but it is already interesting to look at the data.
Figure 10 shows the 1 and 2σ contours with fB = (216±9±21)MeV [101].
If the B → τν measurement was precise, G (B → τν)/D mBd would determine |Vub/Vtd | inde-
pendent of fB (but dependent on BBd ). As shown in Fig. 10, we would get an ellipse in the ρ¯, ¯η
plane (for fixed Vcb and Vts). In the limit when the error of fB is small, the constraints are two circles
that intersect at and angle α(≈ 100◦), which is near the right angle, providing powerful constraints.
This is another reason why pinning down fB is very important. While the measurement of B→
τν will improve incrementally (and will be precise only at a super-B-factory), D mBs will almost
instantly be accurate when measured. Measuring D mBs remains important not just to determine
|Vtd/Vts|, but to constrain NP entering Bs and Bd mixing differently. As we have emphasized, the
point is to perform overconstraining measurements and not just to determine CKM elements.
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7. Nonleptonic decays
Having two hadrons in the final state is also a headache for us, using continuum methods,
just like it is for you, using lattice QCD. Still, I would like to explain some recent results for
two-body nonleptonic decays. This is the area where the most exciting model independent results
emerged recently, and it also illustrates developments in addressing problems that will likely remain
intractable with LQCD in the near future.
7.1 Factorization in B→ Dpi type decays
It has long been known that in B → M1M2 decay, if the meson M1 that inherits the spectator
quark from the B is heavy and M2 is light then "color transparency" can justify factorization [102,
103, 104]. Traditionally, naive factorization refers to the hypothesis that one can estimate matrix
elements of the four-quark operators by grouping the quark fields into a pair that can mediate B→
M1 transition, and another pair that describes vacuum → M2 transition. We will call factorization
the systematic separation of the physics associated with different momentum scales in a decay.
For B0 → D(∗)+pi− these notions coincide, and amount to showing that the contributions of gluons
between the pion and the heavy meson are either calculable perturbatively or are suppressed by
L QCD/mb,c. This was proven to order αs [104] and α2s [105], and subsequently to all orders in
perturbation theory [81]. Thus, up to order L QCD/Q and αs(Q) corrections (Q = E p ,mb,c),
〈D(∗)pi|Oi(µ0)|B〉= iN(∗) FB→D(∗) f p
∫ 1
0
dx T (x,µ0,µ)φp (x,µ) . (7.1)
The Oi are operators in the effective Hamiltonian [106], N(∗) is a normalization factor, FB→D(∗) is
the B→D(∗) form factor at q2 = m2
p
, f
p
is the pion decay constant, T is a perturbatively calculable
function, and φ(x) is the pion wave function.
There are three contributions to the B → Dpi amplitudes, shown in Fig. 11. SCET implies
the power counting T = O(1) and C,E = O(L QCD/Q). In decays such as B0 → D+pi−, which
have T and C contributions, factorization has been observed to work at the 5–10% level. For
these rates naive factorization also holds in the large Nc limit (up to 1/N2c corrections), so detailed
tests are needed to establish the mechanism responsible for factorization. At the current level of
accuracy, there is no evidence for factorization becoming a worse approximation as the invariant
mass of the "light" final state increases [107], which is expected at some level if the heavy quark
limit is important. The heavy quark limit also implies B(B−→ D(∗)0pi−)/B(B0 → D(∗)+pi−) =
1+O(L QCD/Q), but experimentally this ratio is around 1.8± 0.2 (for all four combinations of
D,D∗ and pi,ρ final states), indicating O(30%) power corrections.
The Bs → Dspi decay only proceeds via a T contribution, so it can help to determine the
relative size of E vs. C. CDF measured B(Bs → D−s pi+)/B(B0 → D−pi+) ≃ 1.35± 0.43 [108]
(using the production ratio fs/ fd = 0.26±0.03), the central value of which suggests that C and E
may be comparable [109]. Since factorization relates the tree amplitudes to the semileptonic form
factors, LQCD could play an important role by computing the SU(3) breaking in the Bs → Dsℓ ¯ν
vs. B → Dℓ ¯ν form factors. This is a "gold-plated" quantity, which I hope may be found on some
people’s computers in the audience.
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Figure 11: Diagrams for B decays, giving amplitudes T , C, and E . Decays to D+ p −, D0 p −, D0 p 0 receive
T and E , T and C, and C and E contributions, respectively (from [82]).
7.1.1 Color suppressed B→ D(∗)0M0 decays
The B0 →D0pi0 decay receives only C and E contributions, which are suppressed by L QCD/Q.
These rates were beleived to be untractable until it was observed that a single class of power sup-
pressed SCETI operators give rise to these decays [82]. To turn the ultrasoft spectator quark in the
initial B into a collinear quark in the outgoing pi0, time ordered products with two factors of L (1)
x q
are needed. A factorization formula that separates the different scales was proven [82]
A(D(∗)0M0) = NM0
∫
dzdxdk+1 dk
+
2 T
(i)(z)J(i)(z,x,k+1 ,k
+
2 )S
(i)(k+1 ,k
+
2 )φM(x)+ . . . , (7.2)
where i = 0,8 label singlet and octet color structures and, for example,
S(0)(k+1 ,k
+
2 ) =
〈D0(v′)|(¯h(c)v′ S)n/PL(S†h
(b)
v )( ¯dS)k+1 n/PL(S
†u)k+2 | ¯B
0(v)〉
√
mBmD
, (7.3)
where the S is a soft Wilson line in SCETII. This is quite a different factorization than Eq. (7.1),
as S(i)(k+1 ,k
+
2 ) which contain the low energy nonperturbative physics is the matrix element of a
four-quark operator. It depends on the direction of the outgoing pion, n, and is a complex quantity,
indicating that factorization can accommodate a nonperturbative strong phase.
Still, these formulae allow several nontrivial predictions to be made. The separation of scales
allows one to use HQS for S(i)(k+1 ,k+2 ) without encountering E p /mc = O(1) corrections, which
would occur if one attempted to use HQS for this decay in full QCD. At leading order one finds
the predictions A(B → D∗0M0)/A(B → D0M0) = 1 [82, 110], similar to final states with charged
mesons. These are compared with the data in Fig. 12, where the △= 1 relations follow from naive
factorization and HQS, however, the • = 1 relations for the neutral modes do not, and constitute
a profound prediction of SCET not foreseen by model calculations. SCET also predicted equal
strong phases between the I = 1/2 and 3/2 amplitudes in B → Dpi and D∗pi . The measurements,
made after the prediction, give δ (Dpi) = (28±3)◦ and δ (D∗pi) = (32±5)◦ [111].
7.1.2 L b → L cpi and S (∗)c pi decays
Factorization for baryon decays does not follow from large Nc, but it still holds in the heavy
quark limit at leading order in L QCD/Q, providing an interesting test. There are four contributions
to L b → L +c pi−, as shown in Fig. 13, and SCET implies the power counting T = O(1), C,E =
O(L QCD/Q), and B = O(L 2QCD/Q2) [109]. The usual factorization relation connects B(L b →
L cpi) measured by CDF [112] to dG (L b → L cℓ ¯ν)/dq2 at q2 = m2
p
(maximal recoil). Thus, either an
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Figure 12: Ratios of the amplitudes A(B→D∗0M0)/A(B→ D0M0) extracted from data (from [110]).
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Figure 13: Diagrams for L b decays, giving amplitudes T , C, E , and B. Decay to L c gets contributions from
all four terms. Decays to S (∗)c [ X c] do not have T [T and C] contributions (from [109]).
experimental measurement or a LQCD calculation of the L b → L cℓ ¯ν Isgur-Wise function would
allow this relation to be tested.
For the power suppressed L b → S (∗)c pi decays (we denote S c = S c(2455) and S ∗c = S c(2520)),
naive factorization makes no sense, since the L b → S (∗)c form factors violate isospin, whereas L b →
S
(∗)
c pi can occur at a power suppressed level (compared to L b → L cpi) without isospin violation.
An analysis similar to meson decays yields [109]
G (L b → S ∗cpi)
G (L b → S cpi) =
G (L b → S ∗0c ρ0)
G (L b → S 0cρ0)
= 2+O
[
L QCD/Q , αs(Q)
]
. (7.4)
Interestingly, this ratio is predicted to be twice as large as the similar ratios in the meson sector
discussed above [82, 113, 110]. Isospin symmetry implies G (L b → S (∗)0c pi0) = G (L b → S (∗)+c pi−),
and similarly for the ρ’s. The second ratio is useful because it has no pi0’s in the final state, and
therefore it may be easier to measure at a hadron collider (in the first ratio a pi0 is unavoidable either
from L b → S (∗)0c pi0 or from L b → S (∗)+c pi−→ L +c pi0pi−).
7.2 Charmless B→M1M2 decays
Factorization is more complicated for charmless B decays, but I want to talk about some as-
pects, because these processes are in principle sensitive to new physics. In this case there is limited
consensus about the implications of the heavy quark limit. In SCET a factorization formula has
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been proven [114, 115, 116]
A(B→M1M2) = Acc¯ + N
[
fM2 ζ BM1
∫
duT2z (u)φM2 (u)
+ fM2
∫
dzduT2J(u,z)ζ BM1J (z)φM2 (u)+ (1↔ 2)
]
. (7.5)
Here ζ BM1J (z) = fM1 fB
∫
dxdk+ J(z,x,k+)φM1(x)φB(k+) is the same object that appears in the B→
M1 form factors in Eq. (6.5). Therefore, the relations to semileptonic decays do not require
an expansion in αs(
√
L QCDQ). As we saw for the semileptonic form factors in Sec. 6.3, the
nonfactorizable (1st) and factorizable (2nd) terms in square brackets are of the same order in
L QCD/Q. Similar to Eq. (6.6), the different ways to make quantitative predictions, usually labelled
SCET [114, 117, 118], QCDF [116, 119], and PQCD [120] treat the two terms differently, which
has important implications for the predictions and fits to the data. The T ’s are always calculated
perturbatively. In SCET, one fits both the ζ ’s and ζJ’s; in QCDF, one fits the ζ ’s and calculates the
ζJ’s perturbatively; and in PQCD the factorizable (2nd) terms dominate and depend on k⊥.
The Acc¯ term is a possible nonperturbative contribution due to charm loops, the power counting
for which is subject to debate [121]. A large Acc¯ amplitude was found in the SCET fit to B →
pipi [114], or adding a free parameter to the leading order QCDF result [122]. There are several
model dependent calculations of this effect, referred to as "long distance charm loops", "charming
penguins", and "DD rescattering", all of which is the same unknown physics that may yield strong
phases, transverse polarization, and other "surprises". If one views Acc¯ as a nonperturbative term
that has to be fit from data, then it can accommodate the sizable strong phase observed in AK− p +
[see Eq. (2.2) where the ratio of the two interfereng amplitudes is known to be not near unity],
which is hard to reproduce in QCDF (and is in the ballpark of earlier PQCD predictions). A fairly
generic feature of QCDF is that it tends to predict small direct CP asymmetries due to the αs
suppression of the factorizable contributions.
Another area where these effects may be important is the longitudinal polarization fraction in
charmless B decays to two vector mesons, such as B → φK∗, ρρ , and ρK∗. It was argued [123]
that the chiral structure of the SM and the heavy quark limit imply that these decays must have
longitudinal polarization fractions near unity, 1− fL = O(1/m2b). It is now well-established that
fL(φK∗)≈ 0.5, while fL(ρρ) is near unity. Several explanations have been proposed why the data
may be consistent with the SM [114, 123, 124, 125]. While fL(φK∗) may be a result of new physics
contributions (just like AK− p + ), we cannot rule out at present that it is simply due to SM physics.
7.2.1 B→ pipi amplitudes and CP asymmetries
Since the error of α from the B → pipi isospin analysis is large (currently |D α | < 37◦, see
Sec. 3.1), it will take a long time for this measurement to become precise. This makes it interesting
to use more theoretical input to determine α without the least precisely known ingredient of the
isospin analysis, the direct CP asymmetry in B→ pi0pi0 in Eq. (3.2), C00. The B0 and B− amplitudes
to the three possible pipi final states are
A+− = −λu(T +Pu)−λcPc−λtPt = e−ig Tp p −Pp p ,√
2A00 = λu(−C+Pu)+λcPc +λtPt = e−ig Cp p +Pp p ,√
2A−0 = −λu(T +C) = e−ig (Tp p +Cp p ) . (7.6)
P
oS(
L
A
T2005)012
012 / 24
The CKM matrix and CP violation Zoltan Ligeti
0
0.2
0.4
0.6
0.8
1
1.2
0 20 40 60 80 100 120 140 160 180
t
 
=
 0 and w/o C00|t | < 5o, 10o, 20o and w/o C00
t
 
=
 0 and with C00
isospin analysis
without C00
CKM fit
no a  in fit
a     (deg)
1 
– 
CL
5o
10o
20o
Figure 14: CL of a imposing t = 0 with (solid) and without (dotted) the C00 data. The constraints imposing
| t |< 5◦,10◦,20◦ are also shown (from [126]). The shaded region is the same as the green region in Fig. 3.
Factorization predicts arg(T/C)=O(αs, L /mb), which could eliminate the need for C00 [117]. Due
to the unknown size of Acc¯, however, the implications for the physically observable amplitudes Tp p
and C
p p
are less clear, because they are combinations of trees and penguins.
In SCET, Pc is treated as O(1), and therefore the Pt term is eliminated using λu +λc +λt = 0.
Then the P
p p
term has no weak phase, as shown in Eq. (7.6). In QCDF, Pt is observed to contain
"chirally enhanced" corrections (a misnomer for terms proportional to m2
p
/(mumb) ∼ L QCD/mb)
while Pc is argued to be small, and therefore the Pc term is eliminated using unitarity. Then what is
meant by T
p p
and P
p p
changes, and the P
p p
term has a weak phase eib . Both approaches agree that
Pu is calculable and small.
The central values of the B→ pipi data suggest significant corrections to the terms included in
either approaches [126, 127]. Factorization predicts that the strong phase between the "tree" ampli-
tudes in pi+pi− and pi−pi0 is small, τ ≡ arg[T
p p
/(C
p p
+T
p p
)] =O(αs, L /mb). As shown in Fig. 14,
imposing τ = 0, the present data yields α ≈ 78◦ (without using C00), somewhat below the mea-
surement in Eq. (3.7). Conversely, one can ask what the SM CKM fit implies for τ . The result is
τ ∼ 30◦ [126], both in the convention of Eq. (7.6) and the one used in QCDF. There are several pos-
sibile resolutions: (i) 2σ level fluctuations in the data; (ii) large power corrections to T or / and C;
(iii) large up penguins; (iv) large weak annihilation; (v) or maybe something beyond the SM. It will
be fascinating to find out which of these is the right explanation.
In QCDF it is problematic to accommodate the large B→ pi0pi0 rate in Eq. (3.1) [116]. This by
itself is not an issue in SCET, since the factorizable (ζJ) term in Eq. (7.5) that also determines the
B→ pi0pi0 rate is fitted from the data [114]. Color suppression is ineffective because 1/Nc is multi-
plied by the inverse moment of the pi distribution amplitude, 〈u¯−1〉
p
=
∫ 1
0 duφp (u)/(1−u), which
is around 3. The ζJ terms also depend on the similar inverse moment of the B light-cone distribu-
tion amplitude, 〈k−1+ 〉B =
∫
dk+ φB(k+)/k+, and the SCET fit favors 〈k−1+ 〉B ∼ 1/(100MeV) [128]
significantly above most QCD sum rule calculations, which give ∼1/(450MeV) [129].
While in B→ pipi the complications are due to the interference of comparable b→ u tree and
b → d penguin processes, B → Kpi decays are sensitive to the interference of b → u tree and the
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dominant b → s penguin contributions. The challenge is if one can make sufficiently precise SM
predictions to be sensitive to NP. Besides the precise measurement of AK− p + in Eq. (2.2), another
interesting feature of the data is the almost 4σ difference, AK− p 0 −AK− p + = 0.15± 0.04. This
appears to be at odds with factorization (unless subleading terms are very important, in which
case the L QCD/mb expansion itself becomes questionable), because the strong phase between the
penguin and the color-allowed tree amplitude is predicted to be the same as the phase between the
penguin and the color-suppressed tree (up to L QCD/Q corrections). A possible resolution is a large
enhancement of electroweak penguins, or NP with the same flavor structure [130].
These are fascinating developments, however, more work and data are needed to understand
why some predictions work better than 10%, while others receive O(30%) corrections. Hopefully,
the role of charming penguins, chirally enhanced terms, annihilation contributions, etc., can be
clarified soon. We now have the tools to try to address these questions.
8. Outlook and Conclusions
The B factories have provided a spectacular confirmation of the CKM picture. More interest-
ing than the actual determinations of CKM elements is that overconstraining measurements tested
the CKM picture, and we can even bound flavor models with more parameters than the SM. In par-
ticular, the comparison between tree- and loop-level measurements severely constrain NP in B−B
mixing. For this, the lattice results on the decay constants and bag parameters are crucial; without
it we would not yet be able to really constrain these models. This illustrates again that the pro-
gram as a whole is a lot more interesting than any single measurement, since it is the multitude of
overconstraining measurements and their correlations that carries the most interesting information.
Having seen these impressive measurements, one may ask where we go from here in flavor
physics? Whether we see signals of flavor physics beyond the SM will be decisive. The existing
measurements could have shown deviations from the SM, and if there are new particles at the TeV
scale, new flavor physics could show up "any time". If NP is seen in flavor physics then we will
want to study it in as many different processes as possible. If NP is not seen in flavor physics,
then it is interesting to achieve what is theoretically possible, thereby testing the SM at a much
more precise level. Even in the latter case, flavor physics will give powerful constraints on model
building in the LHC era, once the masses of some new particles are known.
The present status of some of the cleanest measurements and my estimates of the theoretical
limitations (using continuum methods) are summarized in Table 4. The sensitivity to NP will not
be limited by hadronic physics in many measurements for a long time to come.
8.1 Where can lattice contribute the most?
• Reducing the error of the decay constants and bag parameters remains very important.
• The determinations of semileptonic form factors is in the hands of LQCD. Besides those
directly relevant for the extraction of CKM elements, the computations of several others
would also have important implications: we saw examples for Bs → Dsℓ ¯ν, L b → L cℓ ¯ν , etc.
• In addition to the B,D→ pi,K form factors, try to include the ρ and K∗ final states (I know,
the widths...), and attempt direct calculations at larger recoil (maybe with moving NRQCD).
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Measurement (in SM) Theoretical limit Present error
B→ ψK (β ) ∼ 0.2◦ 1.3◦
B→ η ′K, φK, (β ) ∼ 2◦ 5, 10◦
B→ ρρ , pipi, ρpi (α) ∼ 1◦ ∼ 13◦
B→ DK (γ) ≪ 1◦ ∼ 20◦
Bs → ψφ (βs) ∼ 0.2◦ —
Bs → DsK (γ−2βs) ≪ 1◦ —
|Vcb| ∼ 1% ∼ 2%
|Vub| ∼ 5% ∼ 10%
B→ Xsγ ∼ 5% ∼ 10%
B→ Xsℓ+ℓ− ∼ 5% ∼ 20%
B→ Xsν ¯ν ,K(∗)ν ¯ν ∼ 5% —
K+ → pi+ν ¯ν ∼ 5% ∼ 70%
KL → pi0ν ¯ν < 1% —
Table 4: Some interesting measurement that are far from being theory limited. The errors for the CP
asymmetries in the first box refer to the angles in parenthesis, assuming typical values for other parameters.
• Dedicated and precise calculations of SU(3) breaking in form factors and in distribution
functions could also play very important roles.
• The light cone distribution functions of heavy and light mesons are important for understand-
ing nonleptonic decays, and so far most calculations use QCD sum rules and other models.
• More remote but worthwhile goals include the calculations of nonlocal matrix elements, such
as the inverse moment of the B light-cone distribution amplitude, 〈k−1+ 〉B =
∫
dk+ φB(k+)/k+,
discussed above. Not to mention nonleptonic decays...
8.2 Past and near future lessons
The large number of impressive new results speak for themselves, so it is easy to summarize
the main lessons we have learned:
• sin 2β = 0.687±0.032 implies that the B and K constraints are consistent, and the KM phase
is the dominant source of CPV in flavor-changing processes.
• S
y K−S
h
′K = 0.21±0.10 and Sy K−Sf K = 0.22±0.19 are not conclusive yet, but the present
central values with 5σ significance could still signal NP.
• First measurements of α = (99+13−8 )◦ and γ = (63+15−12)◦ start to give the tightest constraints
on ρ¯ , ¯η and the first serious bounds on NP in B−B mixing.
• |Vcb| = (41.5± 0.7)× 10−3, m1Sb = 4.68± 0.03GeV, mc(mc) = 1.22± 0.06GeV reached
unprecedented precision and robustness, as all hadronic inputs are determined from data.
• AK− p + = −0.12± 0.02 implies that there is large direct CPV, so "B-superweak" models are
excluded, and there are sizable strong phases in some B decays.
• Much more: improvements in |Vub|; observation of B→Xsℓ+ℓ−, D0(∗)pi0, new Ds & cc¯ states.
The next few years promise the hope of similarly interesting results (in arbitrary order):
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• Clarify agreement / disagreement between S
h
′K , Sf K and sin2β : the current central values
with 5σ significance would signal NP.
• Improvements in determination of α and γ : decrease errors, clarify / eliminate assumptions
in the analyses, will significantly improve bounds on NP.
• Reduce error of |Vub| (approach current rigor of |Vcb|): the side opposite to β , so any progress
directly improves accuracy of CKM tests (error with continuum methods asymptote to 5%).
• Achieve theoretical limits in B→ Xsγ , B→ Xsℓ+ℓ−: will impact model building, continuum
theory is most precise for inclusive decays; cannot be done well at LHCB.
• Approach SM predictions from current ASL =−(3.0±7.8)×10−3 and SK∗ g =−0.13±0.32
measurements: these are important to constrain certain type of extensions of the SM.
• Firmly establish B→ ργ and B→ τν : these are not yet seen operators.
• Test if the Bs mixing amplitude is consistent with the SM, i.e., whether both that D mBs and
SBs→y f are in the SM range (the CKM fit predicts sin2βs = 0.0346+0.0026−0.0020).
• The unexpected ones: similar to the "new" cs¯ and cc¯ states discovered by the B factories,
new physics could also be discovered in the charm sector. Nothing forbids the possibility of
seeing a clear sign of NP in D→ piℓ+ℓ− or CP violation in D−D mixing "any time".
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